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Total word count abstract and text 2624; 9 display items 23 CIITA promoter activity initiated by the EBV transcription and replication factor 31 Zta (BZLF1, EB1, ZEBRA). Zta is the earliest gene expressed during the lytic 32 replication cycle. Zta interacts with sequence specific elements in promoters, 33 enhancers and the replication origin (ZREs) and also modulates gene expression 34 through interaction with cellular transcription factors and co-activators. Here we 35 explore the requirements for Zta-mediated repression of the CIITA promoter. We 36 find that repression by Zta is specific for the CIITA promoter and can be achieved 37 in the absence of other EBV genes. Surprisingly, we find that the dimerization 38 region of Zta is not required to mediate repression. This contrasts with an al., 2012; Saha & Robertson, 2011) . Epstein-Barr virus infects 50 human B-lymphocytes and epithelial cells and establishes long-term latency in 51 memory B-lymphocytes (Babcock et al., 1998) . These cells are largely protected 52 from immune attack by the silencing of viral gene expression. The virus is 53 sporadically reactivated following B-cell activation and differentiation into 54 plasma cells (Crawford & Ando, 1986; Laichalk et al., 2002; Laichalk & Thorley-55 Lawson, 2005) . As EBV enters the lytic replication cycle, it expresses around 90 56 viral genes that are required for the regulation of viral gene expression, 57 replication of the viral genome, assembly, packaging, and egress of the virion 58 (Farrell, 2005) . Many viral genes expressed during viral lytic replication are 59 excellent targets for immune recognition (Adhikary et al., 2006; Long et al., 60 2011) . Attack by the immune system during viral replication would threaten cell 61 survival and thus the successful generation of virions, but EBV has evolved 62 several strategies to evade immune responses during viral lytic replication (Zuo 63 & Rowe, 2012) . 64 65 An important regulator of EBV lytic replication termed Zta (BZLF1, ZEBRA, EB1) 66 is a transcription factor, a replication factor and it disrupts several signal 67 transduction pathways (Kenney, 2007) . Routes by which Zta activates gene 68 expression has been documented for both viral and host promoters. Many 69 promoters are targeted by the interaction of the sequence-specific DNA binding 70 domain of Zta with sequence specific 7-nucleotide DNA elements termed ZREs 71 (for example (Adamson & Kenney, 1999; Bergbauer et al., 2010; Bhende et al., 72 2004; 2005; Broderick et al., 2009; Dickerson et al., 2009; Flower et al., 2011; 73 Holley-Guthrie et al., 1990; Kalla et al., 2012; Kalla et al., 2010; Karlsson et al., 74 4 2008; Kenney et al., 1989; Ramasubramanyan et al., 2012a; Ramasubramanyan 75 et al., 2012b; Sinclair, 2003; Sinclair et al., 1991; Woellmer et al., 2012) . At least 76 32 distinct ZRE sequence variants are specifically recognized by Zta (Flower et 77 al., 2011) . promoters. We generated promoter-reporter gene constructs for two viral 115 promoters, BFLF2 and BLLF3. The impact of His-Zta expression on each 116 promoter was assessed in Raji cells (Fig. 1 (c,d) ). This showed that neither BLLF3 117 nor BFLF2 promoters were repressed by Zta expression. We further investigated 118 the repression of CIITA in BL cells by following two downstream targets of CIITA 119 expression, HLA-DOA and HLA-DBM. Both are down regulated at the RNA level 120
following Zta expression in BL cells ( Supplementary Fig. 1 ). 121
As Raji cells contain an EBV genome, changes in viral gene expression may occur 123 as a consequence of activating a partial lytic replication cycle through the 124 expression of Zta (Kallin & Klein, 1983) . In order to question whether Zta relies 125 on additional viral components to repress CIITA expression, we introduced the 126 CIITA promoter-reporter gene into an EBV-negative sub-clone of Akata Burkitt's 127 lymphoma cells (AK31) (Jenkins et al., 2000) . In this cell background we saw that 128 co-expression of Zta drove repression of the CIITA promoter-reporter gene 129 around 5-fold (Fig. 2 ). This clearly demonstrates that Zta-mediated repression of 130 CIITA does not depend on additional EBV genes. 131
132
To explore the relevance of post-translational modifications of Zta to the Zta-133 mediated repression of the CIITA promoter, we generated mutants of Zta at 134 amino acid residues K12 and S209 to prevent either sumoylation or 135 phosphorylation. Following transfection we found that neither post-translational 136 modification was required for Zta to repress the CIITA promoter (Table 1) . 137
138

Domains of Zta mediating repression of CIITA promoter 139
We then explored which domains of Zta protein mediate the repression of CIITA. 140
Two versions of Zta were generated; both of these retain the nuclear localization 141 signal (Mikaelian et al., 1993) . One mutant omits the N-terminal transactivation 142 domain (ZtaTA), this protein was previously shown to be able to bind to DNA 143 but not to transactivate a reporter construct (Packham et al., 1990) . The second 144 omits the dimerization and C-terminal region (ZtaH199ter) and has been shown 145 previously to be unable to bind DNA (Hicks et al., 2003) or to form dimers 146 (Schelcher et al., 2005) (Fig 3(a) ). Following transfection into Raji cells we findthat deletion of the transactivation domain ablates the ability of Zta to repress 148 the CIITA promoter, despite the proteins being expressed at an equivalent level 149 ( Fig. 3(b) ). In contrast, deletion of the dimerization and C-terminal regions of Zta 150 only resulted in a small reduction in the repression of the CIITA promoter ( required. To explore this further, we assessed the promoter for potential ZREs 160 (Flower et al., 2011) and found only the one, which was shown to be a Zta 161 binding site previously (Li et al., 2009) . We confirm using Chromatin 162 precipitation coupled to next generation DNA sequencing that Zta binds to the 163 promoter region of CIITA ( Supplementary Fig. 2 ), but note that this does not 164 distinguish between direct and indirect binding. To evaluate the relevance of the 165 potential ZRE, we generated a promoter reporter construct in which the region 166 containing a ZRE was deleted (Fig. 4(a) ). Both of these promoters are expressed 167 at equivalent levels (Table 2 ). Both full length Zta and the dimerization-deficient 168 mutant Zta-H199ter repressed the promoter missing the ZRE (Fig. 4(b) ). This 169 supports our contention that the ability of Zta to repress the expression of CIITA 170 does not rely on direct DNA binding. 171
From these data we devised a model to account for Zta mediated activation and 173 repression of gene expression. In cells expressing MHC class II, CIITA expression 174 is driven by the interaction of cellular factors (RNA polymerase II and cellular co-175 activators) (Fig. 5(a) ). Once Zta is expressed it interferes with the activation 176 machinery operating at the CIITA promoter, without the need to dimerize or 177 bind to the promoter (Fig. 5(b) ). 178 179 Discussion 180
The EBV protein Zta is often described as the master regulator of EBV lytic cycle 181 replication. Indeed, the ability of Zta to regulate viral gene expression is crucial 182 to the success of viral lytic replication, as mutation of the BZLF1 gene in 183 recombinant EBV demonstrates (Feederle et al., 2000) . The activation of viral 184 gene expression is considered to occur through the interaction of Zta with 185 sequence specific ZREs in the promoters of viral genes, and the attraction of co-186 activator proteins such as p300, TFIID and other RNA polymerase II components 187 to the promoters (Lieberman & Berk, 1991; 1994) (Fig. 5 and Supplementary Fig.  188 3). Recent genome-wide analyses have shown that Zta has extensive interactions 189 across the EBV genome and a specific role in the transcriptional activation of 190 many viral promoters (Bergbauer et al., 2010; Ramasubramanyan et al., 2012a) . et al., 2010; Murata et al., 2010) was assessed using the non-210 sumoylatable mutant version Zta K12R. Both of these post-translational 211 modifications have been described as transcriptionally repressive (Asai et al., 212 2009; Hagemeier et al., 2010; Murata et al., 2010) . As none of these Zta mutants 213 compromised the ability of Zta to repress the CIITA promoter, we conclude that 214 neither post-translational modification is likely to be responsible for the 215 observed repression of the CIITA promoter by Zta. 216 217 Zta also regulates gene expression by disrupting transcriptional activation by 218 NFB and p53 (Morrison & Kenney, 2004; Zhang et al., 1994) . This occurs 219 through physical interactions between Zta and the p65 component of NFB and 220 between Zta and p53 protein (Morrison & Kenney, 2004; Zhang et al., 1994) . 221
However, it is unlikely that either NFB or p53 plays a role in Zta-mediated CIITA 222 repression, as both require the dimerization region of Zta, which is not necessary 223 for repression of CIITA. In addition, mutation of the NFB interaction site in the 224 CIITA promoter does not alter either basal expression or Zta mediated 225 repression (NB, AJS unpublished data). It is intriguing that Zta has been shown 226 previously to modulate expression of a viral promoter (Zp) without the need to 227 bind directly to DNA (Flemington et al., 1994) . 228 229 A previous study suggests that Zta repression of the CIITA promoter is driven 230 through the interaction of Zta with a single ZRE within the promoter (Li et al., 231 2009 ). This is supported by the impact of mutations of the ZRE within the 232 promoter and by the inability of Zta to repress the CIITA promoter when the 233 basic region is lost. This study places emphasis on a need of Zta to bind directly 234 to DNA to effect repression. Our experiments support a different conclusion in 235 which Zta represses CIITA expression without binding directly to DNA. We 236 rationalize the need for the basic region of the Zta protein based on a 237 requirement for the nuclear localization domain, which is contained therein 238 (Mikaelian et al., 1993) . Without entry to the nucleus, Zta would not be able to 239 repress the CIITA promoter through either direct or indirect DNA binding. 240
241
In summary, we show that Zta mediated repression of the CIITA promoter can 242 occur without Zta contacting DNA directly, this is supported by the retention of 243 repression when (i) the ZRE is deleted and (ii) by a version of Zta that is 244 defective for dimerization and therefore defective for DNA-binding. This 245 discovery leads us to propose a mechanism to describe gene repression by Zta. 246 In this model the amino terminal region of Zta is able to impede the function of 247 an essential component of the transcriptionally active CIITA promoter, for 248 example a DNA bound transcription factor or a transcription factor-associated 249 co-activator, thereby preventing its productive association with RNA Pol II and 250 its accessory proteins (Fig. 5) . 251 252
Materials and Methods 253 254
Plasmid constructs. 255
The CIITA promoter (-286 to +54) was cloned with a Kpn I restriction enzyme 256 site included at the 5' end and a Hind III site at the 3' end of the sequence. The 257 promoter was sub-cloned into the pGL3 enhancer plasmid, which contains a 258 luciferase reporter construct down-stream from a multi-cloning site and which 259 includes a distal SV40 enhancer (Promega). A 5' deletion version of the promoter 260 was generated (-214 to +54); the location of the 5' end of this promoter is 261 immediately 3' from the ZRE. Table 1 . Impact of mutation of K12 and S209 on Zta mediated repression 558
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